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ABSTMCT

-. An optimization method 1S coupled with a harmonic
,lattice-dynamics approximation to dete~ine the minimum—
- energy structures and magnetic orientations of solid O . It
.iS shown fthat :the.magnetic” interactions re”sponsibe for
- the stability of a+2 with respect te t3-02 at zero
+Itemperature and pressure. The calculated a+2 lattice pa-
—,rameters, ma@tic ord.entati’0n6;:and.sublimation ●nergy ::are -

-’in good agreement with experiment. Phonon dispersion curves
-:are calculated?”.and lthe “.:acoustlc::souhd.-%elocities :are’
-;detennined. The 6-02 phase is described by constraining the
-magnetic moments so that:themagnetic Wsmiltbnian- presemes
‘the hexngonal— symmetry of the crystal. The calculated

— lattice parameters are in good agieement tith.experiment-ard
— a three-sublattice, quasi-helical magnetic orientation is
-predicted from structural” atid.e’tiekgetic considerations. ‘:A.
-soft mode induced phase transition from the monoclinic a
-structure to the orthorhombic orange oxygen +tructure is
-predicted at approximately 6 kbar. No volume change is

— obserwed at the transition. The pressure dependence of the
_’intramolecular stretching mode is also calculated ●nd it is
-shown to exhibit very little dispersion.

-INTRODUCTION

.— Oxygen is unusual in that it embodies both the properties of ●

.- molecular solid arid a magnetic material. The ❑agnetic ch=racter results

..from two unpai.ed p shell ●lectrms in the molecule, gz.ing it spin
-s. 1, The lawest temperature phase at zero pressure forms ● monoclinic
-C2/m structure, [1] often called a+2, w~ere the molecular ●xes ● ra
colinear dnd normal to the close packed bacel plane, ●n defined by the
lattice vectors a, b on Fig. la. The magnetic moments ●ro known to bt
colinear and perpendicular to the molecular axes.[2] The arrows ~n

-~ig. la show the magnetic moment direction, which give rise tO an

.antiferromagnetic structure.

At zero a~plied pressure ●nd Tu23.8 K, ● phase trantitiorloccuro
into the rhombohedral R~m B-C)2 structure. [3] The highest-density plane
Is hexa80nal with a three-layer rapeat pattern. This plane ●nd the naxt
t~”o layers, identified by crosnefi●nd zeros, ●re uhown in Fig. lb. I%e
molecular ●xes lia along the c axis perpendicular to the hexagonal plane.

Experimental information ●bout the ma8netic properties of S4 gives
a somewhat conflicting picture. [4..6] 1T?IP ❑agnetic ●uuceptibility s moxe
antiferroma8netic in charactar than paramngnetic[6-8] However, the neu-
tron scatterin8 work of Collins [2] nhowa litLle ●videnca of lonu-rangm
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order even though there are some unexp-lained feztures

in-t%e spectrum. [4-5] As a consequence of the experimental situation,
!3-02 has been predicted to be either pzramagnetic or to have short range
antiferromagnetic order. [4,6,7] Recent e~eriments even suggest the
possibility of long-range crder. [8] Another prediction [7] postulated to
help explain several features of 02 in the vicinity of the o-B transition
is that the magnetic moments reorient from the colinear a arrangement
into an orientation in which all nearest neighbors are at 2n/3 with re-
spect to one another. This rearrangement is supposed to occur in a
narrow temperature interval around that transition and then persist into
the B phase. The basal-plane arrangement is shown by arrows in Fig. lb.

Another phese that has recently been

The ~;?~z~~r ~~~s ‘s “heorthorhombic FmmiIJ, “orange” oxygen structure. appear
to be colinear and normal to the ab plane. It has been observed over a
temperature range 240 < T < 300 K at pressures” 70 < P < 100 kbar. It is
not known how low in temperature and pressure this phase persists. The
phase diagram for O is shown on Fig.

i
2, where the solid lines are failly

well established an thz dashed lines “are tentative.

-.
Previous calculations- [10-13] have ’failed to pr”edict the obsemed

- low temperature stability of the a phase over .the B-phase and it has been

- conjectured that the ‘r:ason for this failure is “the lack of a uagnetic

- interaction in the total potential. , Therefore, our task has been to

construct a potential of the following form.

‘T - ‘g + ‘intra + urn (1)

“6 (2)Urn - -2 ~ J(Rij) ~i ,
—

I<j—
and J(R1.) is the e:xc~ange energy between two molecules with center of

1!- mass sepa ation R,, and S4 is a unit vector specifying the direction of
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Fig. 1. 13aRel planes for a and R-02. FIR. 2. Phqsu diagram for 02.
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make negligible contributions to the crystal energy and structures, but
they are important in establishing the direction of the magnetic moments
with respect to the crystal body axis. [6,2,14] This feature is described
here by zpplying constraints on the {Si}. For J, we have used recent
magnetic susceptibility data [8] taken over pressures O C P < 6 kbar. It
takes the form J(R) = Jo exp~-~(R-Ro], where a = 4.3 A-l, R. = 3.2 A, and
J = 20.25 K, which is determined from the observation[8] that the value
o? J at nearest neighbor separation ~n is J(~n) =36K. The
intramolecular potential Uintra is expressed by the quadratic and cubic
terns in a Taylor series expansion about the gas phase equilibrium bond
length. [15]

in the paramagnetic gas phsse the expectation values <Uin~ra> and
<Um> equal zero so the total potential UT = U . Thus U is the gas phase
potential and the following atom-atom form ha ~ been .ado%ted.

.-
—

u. ~! { Aexp [-a rs(i,j)] - B/r~(i,j) } + UEQQ
g ijs=! ,, ,:,.. .

(3)

where rs(i,j) is the distance between non-bonded atoms of moiccules i and

~“ ‘EQQ is the electric quadruple - .quadrupole interaction. A point
charge model is used to describe this interaction where the distance be-
tween charges on the-molecule is adjusted to yield the obsented quadruple
moment. [16] The parameters a, A, and B have been determined co yield a

. best overall fit to “the second virial coefficients [17] and mulecular
beam scattering data. [18] T!he valu s of the

-T
parameters (tI,A,B)

determined in this way are (3.68 A ‘, 1120.6 eV, 12.91 ●V A6). Thus ,
solid properties will be determined from a potential derived from only
gas phase and susceptibility data, and it i; othervise ~nadjtisted.

III. Method
,.

The total Foteutial energy UT 1S ●valuated ubiriga pattern search
optimization scheme which minimizeo the ●nergy with respect to ●ll the
independent lattice parameters, including the intramolecular separation
d. These parameters are then ured in ● harmonic lattice-dynamics calcu-
lation ~nd the quantum mschaulcal ●xpectation value of the liamiltonian,
includin~ zero-point contributiur.s,!s evaluated. The lattice parameters
are then Isotropically varied until the free energy is minimized. A new
pattern search is initiated ● t th:s volume and new lnttice parameters are
determined. With these lattice parameters a new lattice-dynamics calcu-
lation is initiated and the free enur3y is minimized with respect to the
volume . This procedure is centinued until convergence is reached,
generally after one iteration. AL. pressures P * 0, the same pr~cedure is

used subject to the constraint of ● specific volume. Dctaile of the op-
timization sch?me are giv~n elsewhere [19] and lattice sums are taken out
to 12 A,

RESULTS AND DISCUSSION

A free variation of the lattice parameter a, b, c, 0, ~nd Lhe
intramolecular separation d At T-O shows that the mln’mum-cner~y configu-
ration is the monoclinic a-02 structure. To test for stability the lni.-
tinl atrtlctur@ used in tha pattern-search optimization of U was widely
\!nried and u+. waa inl,ari~~ly predicted #S L])e ]Oweat-Cner~Y StrU~tUr~.
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The calculated ze~’opre~sure ●quilibrium volum ,~ lmttira parameters
ar,d binding eneruy E, i.e. (V,a,b,c,O,E) - (71.06 cm /mole, ~.24A, 3.49A,
5.03A, lqo, 0,

3
1022K), compare favorably !O rho experimental values [20)

of (20.81 cm /mole, 5.375 A, j.42 A, 5.065 A, 132.18°, 1042 K). The
nearent nei~:hbor distance in 3.15 & compared to c~i~experiumntsl value of
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3.186 A.

.
B is the angle between ~ and ~. These results show that the

ma~,r~tic integration is responsible for distorting the b=al plane of 02
fro- “~ehexagonal symmetry associated with the B structure, because it
is k;. .n ~hat the other terms in Eq. (1) cannot break that symmetry.

Fc ~ 04~, calculations were perfonaed for a veriety of magnetic
structures where Um does rot break the known hexagonal symmetry. Results
based u;on the assumptions that 8-O is ●ither paramagnetic or in the

?)quasi-helical structure, shoum in Fig. lb. , are 2s follow ‘.
3

For the
per=ri2gnecic case at the experimental volume of 21.02 cm /mole at T =
23.8K, the results for the lattice parameters (~, ~) are (3.267, A,ll.342
~) and, based upon the quasi-helical structure ti)ey are (3.24A, 11.54A),
compared with the experimental results [20] of (3.272 A, 11.295 A).
!foreo”;er, the system properly relaxes into the rhombohedrel B - 02 struc-
ture. Clezrly, both of tlese possible magnetic arrangements give good
predictions for the structure and the lettice constants. Gf ell the mag-
ne:ic orientations investigated the quasi-helical structure gives the
lowest energy. On the basis of this and the strength cf the magnetic in-
teraction we predict that the quasi-helical structure, with long range .
antiferromagnetic order, is the most probable state of B - 02. Recent ..
spin polarized neutron scattering results [211 seem to corroborate that .
prediction.

The calculat d isothermal compressibility at T = OK and low pressure
?is K = 2.6 x 10-1 cm2/dyne, compared to the experiments

trapolated to zero
-~~dat~ [201 ●x-

teaperature of Kex
?
-2.76x1O cm /dyne. The

calculated pressure is displayed by the so id line on Fig. 3. Keeping ic
mind that this is a zero temperature Isochennp only the experimental data
pointe designated by the square [22] and the triangle [20] are at suffi-
ciently 10V temperature to ignore the-l expansion [231. These points
agree quite well with the calculation. The circles represent the
experimental data of Stewart [24] at T = 51K. To compare thet data with
our T = O isothem an approximate thermal pressure PT was calculated.

The deshed line represent our calcu~ated T = 51 K Iaothenn,
determined using PT. Up to P = 6 kbar the results ere in good agreement
with Stewart’s data [24] but th~ cume falls increasingly below ●xperi-
rwnt as the pressure is increased. It is not clear vhwther this discrep-
ancy is ~ consequence of the highly approximate determination of ‘t ‘r
due to ● deficiency in the potential IIT. It is apparent, however, that
the recultG ere en Improvement over those calculated from the
English-Venables ~otenrlal, [13) which is shown by the dot-dashed line
for the T - 51 K ~sotherm. Figure 4 shovs the zero pressure dispersion
Lurvcs , where L and ~ denote vibrational modes about the a and b nxesi~
respectively. S!milarly Ti, (i = a,b, or z) designates translational
vibr~tions along the i axiG. The dispersion of the Internal 02 stretch
mode is not shown bull ig iB c,s6cntially flat, with a decreese of
approximate y 1.5cIn .rom zone center tu zone edge at P “ zero, and
about 10 cm- at P = 70 kbar. Thin ie consistent with the notion that
the high frequency etr~tch mode is ●ssentially decoupled from the ❑uch
l,>~era~ougtic ●nd libron modee. The zero pressure dispersion cun’e
shown on Fig. 4 la quantitatively different from the earlier work of
Nobashi, et cl. [10] because of the mn~netic interaction in our model and
because our crystal ntructure is totally relaxed and in ●quilibrium. One
feature we do hnve in common with several previous calculations
[10,25,26] is that the two ~ - 0 Vibrational rnodee have nearly the aam
frequency (46 nnd 52 cm-1)0 The obmerved Ramen bands nt 44.5 and 79 cm-1

wrre assigned to th~ La and ~ modes, respectively. For 6everal reason~
elilcidatedby previous workers [28] w-~ believe these aasignmcnts are not

. #,w–_ J.. --mmn.llv mer{dnnFn~]V deubl~

.
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49 Dispersion cu~es for a<2.

‘1 is probably adegenerate ?nd the one at 79 cm two llbron band. The
acoustic sound velocities at P = O for the T , T , and T= modes, respect-
ively, are (1.2, 1.5, 0.75 km/see), (1.6, 1.8, 1.2 km/see), and (1.0,
0.9, 2.0 km/see) for kll a x c, k II b x c, andkllaxb,
respectively. - .- -...

The dispersion cunres at higher preseure.sare qualitatively similar
to those at P = O and the frequencies scale upward nearly unifomly with
pressure. However the transverse acoustic shea.”mode T

f
with propagation

vector ~ perpendicular to the ab plane shows a soften ng from (1C P < 6
kbar, where normal behavior with pressure commences.

Soft mode behcvior suggests the possibility of a phase transition
and an angl? 0’ can be defined for the monoclinic structure which becomes
orthorhombi: when 13’- n/2. In this work B“ decreases rapiily with
pressure to a value of n/2 at 6 kbat where it remains to the highest
pzessures calculated. This behavior in addition to the soft mode and the
noticeable change with prrnsure in the lattice parameters near 6 kbar
clearly show thdt ● monoclinic to orthorhombic phase transition occurs
near P = 6 kbar. An investigation of the P-V results shows no volume
change or other evidence of the transition. This la not surprising sine
the transition la ●ffected by a simple ehear. We therefore speculrte
that the phase change is not first ordar. The etructure and molecular
orientations of this rlew phase ● re same a~ the Fmmm “orange” structure
which has been obse~ed [9] at high pressures rnnd temperatures as shown
ir, Fig. 1. It is therefore natural to assume that this predicted new
phase Is just the continuation of the obeerved “oran8e” oxygen phase don
to low Lemperaturea and preaaures.

The authorb uish to ●xpress their appreciation co R, L. Plill?, B.
Olinger, D. Schiferl, E. LeSar, and J. W. Shaner for very helpful
discuasiona about the experimental data ●nd ita relation to thio work.
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